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DESCRIPTION OF PROJECT

\

V \Qﬂs polymers are used to an increasing extent in load-bearing

applications, often under cyclic or repetitive loads, an understanding

of fatigue behavior is important. Since all polymers contain flaws that

may, under appropriate conditions, develop into catastrophic cracks, the

fatigue crack propagation (FCP) response is of particular interest to

the engineer.” The role of polymer structure and composition in the

kinetics and energetics of FCP is, in turn, of fundamental chemical and

physical concern.

Our understanding of this role of polymer chemistry in the

mechanics of fracture has been greatly increased during the past decade.

However, although crystalline polymers as a class exhibit superior

s s AKX

resistance to FCP, attention has been concentrated on glassy, amorphous

polymers which are simpler to study. This project was begun in order to

advance our basic knowledge of FCP in crystalline polymers, and has been

extended to other multiphase systems such as those containing fibrous or

particulate phases.

.~The principal goal was to elucidate the role of polymer structure,

composition, and morphology on the kinetics, energetics, and mechanisms

of FCP in typical crystalline polymers, as well as the effects of

external variables such as frequency and stress range. Emphasis was

placed on the effects of molecular weight, percent crystallinity,

morphology, and where appropriate, environment, With respect to

¢ reinforced polymers, the emphasis was on the role of fiber content,

fiber orientation, interfacial adhesion, and matrix properties. In all —
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cases, the characteristics of the process or damage zone at the crack
tip was determined wherever possible

This proposal was conducted jointly within the Polymer and
Mechanical Behavior Laboratories of the Materials Research Cente?, and
was conducted in parallel with a complementary project on fatigue in

amorphous polymers sponsored by the National Science Foundation,
MAJOR ACCOMPLISHMENTS

Semi-crystalline Polymers

1. The role of crystallinity on FCP behavior of typical
semi-crystalline polymers, including poly(vinylidene fluoride),
polyacetal, nylon 66, nylon 610, poly(ethylene terephthalate) (PET),
poly(butylene terephthalate) (PBT), and polypropylene was determined as
a function of AK, the range in stress intensity factor, and hence in the
range of applied lcad. 1In general, such polymers as a group exhibited
much greater resistance to fatigue than amorphous polymers. Thus, at a
given value of AK, crack growth rates tended to be lower than with
typical amorphous polymers, while the value of 4K required to drive the
crack at a given velocity was higher. It was concluded that deformation
of the crystallites constitutes a beneficial energy sink that increaces
the driving force required for crack extension.

2. The micromorphology of fracture was thoroughly examined in
typical polyamides, both dry and containing water (see below). 1In

addition to the expected deformation of spherulites at the crack tip,
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microcracking was also shown to be major mode of deformation. Void

coalescence, both continuous and discontinuous crack growth, and both

transspherulitic and circumspherulitic fracture, were observed and

relaxed to the system and test conditions. The size of the process zone

at the crack tip was shown to depend on AK?, in conformity with

prediction.

3. The development of in-situ crystallization of an amorphous

thermoplastic at the crack tip during cycling was demonstrated in

studies of PET. Although this phenomenon is known to account for the

resistance to FCP in natural rubber, this is the first example found for

thermoplastics.

4. The role of crystallite size and perfection in FCP resistance

was demonstrated using PET, whose crystallinity can be conveniently

varied from zero to ™~ 40%. As the I crystallinity was increased from

zero, FCP rates (at a given AK) first increased, then decreased, and

then increased catastrophically for a given crystallite size. At a

given % crystallinity, the FCP rate varied directly with crystallite

size and perfection. A model was developed to explain these effects in

terms of the effect of thermal history on the tie sequences linking

crystallites (and lamellae within crystallites).

5. A beneficial effect of high molecular weight (M) on FCP

resistance was shown in PET, polyacetal, and nylon 66. This finding is

attributed to the great ability of high-M species to yield energy-

dissipating entanglement networks in the chain sequences linking

crystallites.

ey - ® 3. .- RN o SRR UG SOLCR! ., o L f aY ] 5" - "‘ At
.\' ‘\’ \Lf ’u’ @ g.u' e \\ e ". \h }, '. \’ . .‘q = \\*\é'l “» A \.. . *\ \'. "i - > .




PR I

e
Y
.
4

pal uat gt Sai. Gal Fat Bal gn' #af dgt ) A e . gt 2t * 0g* it 82" B2’ Lot 0t 9 Bt R gt A pat . pot "3

RIS .
R LA el e,

“av
_" \‘ A

6. Unexpected effects of water on FCP were observed in nylon 66.
As the water content was increased from zero, the FCP rate first
decreased by an order of magnitude, and then increased to a value higher
than that of the control. A model was developed based on a balance
between beneficial localized heating and crack blunting, and deleterious
generalized heating and associated modulus decrease in the bulk. The
behavior was shown to be consistent with the viscoelastic spectrum as
affected by water, and with measurement of temperature profiles (see
below). Extension of the model to other systems has also been possible.

7. To scan temperature profiles at and beyond crack tips, special
apparatus was designed involving an infrared microscope coupled with an
LVDT gnd recorder.

8. Research on toughened, rubber-modified polymers was conducted
to determine the role of a rubbery second phase. Work begun on epoxies
was transferred to our NSF project, while research under this contract
was focused on FCP in rubber-toughened nylon 66 as a function of rubber
content and water content (see above). In general, the combination of
rubber with absorbed environmental water yielded poorer FCP resistance
than either component alone. As with the neat matrix, FCP behavior was
correlated with the balance between localized and generalized hysteretic
heating, and, fundamentally, with the viscoelastic spectrum.

9. As with the neat matrixes, the micromorphology of fracture of
the rubber-modified polymers was elucidated. Whereas void coalescence
was typical of dry, neat nylon 66, rumpled fracture surfaces, with

secondary fissures normal to the crack, were observed. A model was
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phase or viscoelastic response.

Composites

3] 1. The role of short glass fibers in the FCP resistance of
semicrystalline polymeric composites was determined in nylon 66,

nylon 612, polystyrene, and polypropylene. With nominally random fibers

in injection-molded specimens of nylon 66, the FCP resistance increased
with increasing fiber content, at least up to 30 vol. Z glass. Although
it had been expected that energy-dissipating micromechanisms associated
with debonding and fiber pullout would have dominated the behavior, in
fact the increase in modulus due to the glass was forced to be more
important. Absorbed water was found to be deleterious, due either to

accelerated debonding or pulling away of the matrix.
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2. In contrast to the beneficial effects of fibers, the

n

incorporation of two particulate siliceous fillers in nylon 66 and

)

: poly(methyl methacrylate) was deleterious, even though static toughness
N

was improved. The reason was shown to lie in an enhanced sensitivity to
k)
l the sharpness associated with a fatigue-induced crack.

3. The micromechanisms of fatigue failure were shown to be similar

[}

to those observed in static failure: debonding, fiber pullout, matrix

crazing and cracking, and fiber breakage. However, debonding was always
:: seen even in the early stages of crack growth, and even with well-bonded
! fibers that did not debond significantly in & tensile test. Thus
.
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fatigue is clearly more severe than tensile loading with respect to
interfacial integrity. At the same time, the fracture surface
morphology of the fast-fracture region was the same for both fatigue and
tensile specimens.

4. Increased ductility of the matrix (nylon 66 vs. polystyrene)
was shown to Increase the absolute FCP resistance, though the resistance
relative to that of the matrix was decreased. Increased fiber length
was also beneficial, though the range was small due to fiber breakage
due to the injection molding process.

5. A model was developed to predict FCP resistance in terms of
fiber content, interfacial adhesion, and ductility of the matrix.

6. Effects of fiber orientation and interfacial adhesion were
elucidated in short-glass-fiber-reinforced polypropylene using specimens
first extruded with a special die and then molded to yield essentially
unidirectional fibers. In general, fibers oriented perpendicular to the
crack conferred a higher threshold values of AK for the initiation of
crack growth, higher values of FCP resistance, and higher values of the
maximum AK attainable. However, unexpected effects of interfacial

adhesion were seen. With fibers perpendicular to the crack, fiber

avolidance dominated the failure, and the FCP resistance was greater, the
stronger the interfacial bonding. In contrast, with fibers parallel to
the crack, the crack followed the interfaces, and the FCP resistance wac
greater, the weaker the interfacial bonding. Indeed, microscopic
examination showed that in the latter case, strong bonding inhibited the
formation of the damage z2one ahead of the crack, and hence restricted

energy dissipation,
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! 7. Curiously, replacement of polypro~ylene with rubber-toughened
polypropylene resulted in lower FCP resistance than in either the
control homopolymer or the fiber-reinforced plain polypropylene. It is
likely that the enhanced ductility in this case causes a premature
pulling away of the matrix from the fiber, with consequent loss of
mechanical coupling at the interface.

) Thus considerable insight has been gained with respect to the

effects of second phases on fatigue crack propagation, as opposed to

ﬁ failure during monotonic tests. Some behavior is similar in both cases,
X but some is quite different. The results and models developed should be
5 helpful in the selection of materials and design of components, and, in
the case of composites, should be relevant to long-fiber systems as
well.

Principal findings were published, and also communicated at various
5 national and international meetings (see below). Presentations were also
5 made at research review meetings held by the ONR,
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